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1. Introduction {#sec1}
===============

Methyl isocyanide has been reported as a major product in the photolysis of methyl isothiocyanate,^[@ref1]^ the dominant breakdown product of commonly used soil fumigants based on *N*-methyldithiocarbamate.^[@ref2]^ Methyl isocyanide has also been suggested as a minor product in the atmospheric photo-oxidation of *N*-methyl methanimine,^[@ref3]^ which in turn is the major atmospheric photo-oxidation product of dimethyl- and trimethylamine.^[@ref3]−[@ref5]^

Very little is known about the atmospheric chemistry of the isocyanides. Alkyl isocyanides are generally not very soluble in water, but they are known to undergo hydrolysis in aqueous acidic solution to give primary amines and formic acid. For methyl isocyanide the pseudo-first-order rate coefficient for hydrolysis in weakly acidic solutions is around 10^--3^ s^--1^,^[@ref6]^ and hydrolysis on aqueous particles may present an important atmospheric loss process. A photoisomerization study of methyl isocyanide showed that the compound does not absorb at wavelengths longer than 260 nm,^[@ref7]^ and tropospheric photolysis is hence barred. No experimental rate coefficients are available for isocyanide gas-phase reactions, and the only relevant information appears in our recent quantum chemistry study of the atmospheric chemistry of CH~2~=NH and HNC,^[@ref8]^ in which we obtained *k*~OH+HNC~ = 1.3 × 10^--11^ cm^3^ molecule^--1^ s^--1^ from master equation calculations under atmospheric conditions.

2. Experimental and Computational Methods {#sec2}
=========================================

2.1. Experimental Methods {#sec2.1}
-------------------------

The experiments were performed in synthetic air (PRAXAIR 5.0) at 295 ± 2 K and 1013 ± 50 mbar in a 250 L electropolished stainless-steel reactor. The kinetic studies of the CH~3~NC reactions with OH radicals were carried out by the relative rate method in a static gas mixture, in which the removal of the reacting species are measured simultaneously as a function of reaction time. Assuming that the compounds under study react solely with OH and that none of the compounds are reformed in any side reactions, the relative rate coefficient, *k*~rel~, is given according to the following expression:where \[CH~3~NC\]~0~, \[CH~3~NC\]*~t~*, \[ref\]~*t*~ and \[ref\]~*t*~ are the concentrations of methyl isocyanide and the reference compound at start and at the time *t*, respectively, and *k*~CH~3~NC~ and *k*~ref~ are the corresponding rate coefficients for their reactions with the radical in question. A plot of ln{\[CH~3~NC\]~0~/\[CH~3~NC\]~t~} vs ln{\[ref\]~0~/\[ref\]~t~} will thus give the relative reaction rate coefficient *k*~rel~ = *k*~CH~3~NC~/*k*~ref~ as the slope.

The OH radicals were generated by photolysis of isopropyl nitrite (IPN) employing two Philips TLD-08 18 W fluorescence lamps (λ~max~ ∼ 370 nm) inserted in a quartz tube mounted into the reaction chamber.The photostability of methyl isocyanide toward the lamp output in clean air was investigated in separate experiments of around 2 h duration: no photoisomerization and no direct photolysis of the compound was detected by FTIR.

The stability of methyl isocyanide in the chamber clean air was investigated in separate experiments. Assuming the apparent sample loss to be of first order, a rate coefficient of \<10^--5^ s^--1^ was obtained. This corresponds to a lifetime of \>24 h in the chamber, and the "natural" chamber loss of methyl isocyanide will therefore not impact the kinetic analyses, see below.

### FT-IR {#sec2.1.1}

The Oslo Smog Chamber is equipped with a Bruker IFS-66v/S FTIR spectrometer coupled with a White multireflection mirror system for in situ analysis adjusted to give an optical path length of 120 m. FTIR spectra were recorded every 10 min by coadding 32 interferograms with a spectral resolution of 1 cm^--1^. Boxcar apodization was used in the Fourier transformation.

Infrared spectra of the pure gas at 295 ± 2 K were recorded in the region of 4000--400 cm^--1^ by employing a nominal resolution of 1.0 cm^--1^ and Boxcar apodization of the interferograms. An DTGS detector was used to ensure optical linearity. The pressures of CH~3~NC in a gas cell of 9.9 ± 0.2 cm, equipped with windows of KBr, ranged from 5 to 25 hPa and were measured using a CERAVAC CTR 100 pressure transducer with a stated accuracy of ±0.2% of reading. The transducer is calibrated for N~2~ gas, but the accuracy of reading is trusted to be better than ±2% for other gases. Conservative estimates of systematic errors are pressure measurements (2%), path length (2%), temperature (1%), and definition of the baseline in integration procedures (2%).

### Proton-Transfer-Reaction Time-of-Flight Mass Spectrometer (PTR-ToF-MS) {#sec2.1.2}

A commercial PTR-TOF 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria) was used for online organic trace gas measurements.^[@ref9]^ The instrument was operated at 100 Td (1 Td = 10^--17^ V cm^--2^ molecule^--1^) in a 5 s integration mode; the drift tube was kept at a temperature of 50 °C and a pressure of 2.8 mbar. The analyzer was interfaced to the Oslo chamber via a 150 cm 1/8 in. SS tube (ID ∼ 2 mm) inside the FTIR chamber followed by 60 cm of 1/16 in. PEEK line, 1 mm inner diameter. The inlet flow was set to 300 sccm.

### Instrumental Data Analysis {#sec2.1.3}

The spectra collected by the PTR-ToF-MS were analyzed with PTR-MS Viewer ver. 3.2.14 (Ionicon Analytik GmbH, Innsbruck, Austria). The mass scale of the spectra was consistently aligned with a three-point calibration using a permanent internal reference substance (1,2-diiodobenzene, CAS RN 615-42-9). Multiple peaks were manually fitted in the software to maximize the accuracy of the resulting signals in counts per second (cps).

### Chemicals {#sec2.1.4}

Furan (Aldrich, \> 99%), (R)-(+)-limonene (Sigma-Aldrich, 97%), α-pinene (Sigma-Aldrich, 98%), 2-propanol (VWR, Normapur), and sodium nitrite (Sigma-Aldrich, ReagentPlus, ≥ 99%) were used without further purification. 2-Propyl nitrite (isopropyl nitrite, IPN) was synthesized from 2-propanol, conc. hydrochloric acid, and sodium nitrite, and it was purified by repeatedly washing it with ice water.

Methyl isocyanide (CAS RN 593-75-9) was prepared following a procedure by Schuster, Scott, and Casanova with minor modifications.^[@ref10]^ A flask was equipped with a receiver flask. Quinoline (18 g, 0.14 mol) and *p*-toluensulfonyl chloride (10 g, 0.052 mol) were added to the flask. The receiver flask was cooled on a dry-ice/acetone bath, and then the system is heated to 75 °C and pressure is reduced to 10--15 Torr. *N*-Methylformamide (2.0 g, 0.034 mol) was added dropwise through a rubber septum while it was vigorously stirred, giving a colorless liquid condensing in the receiver trap. For further purification, the collected material was distilled at atmospheric pressure. At 59--60 °C, methyl isocyanide (0.89 g, 0.022 mol, 64% reaction yield) was collected as a colorless liquid. The ^1^H and ^13^C NMR spectra (see [Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information) proved the purity to be \>95%. ^1^H NMR (400 MHz, CDCl~3~) δ 3.12 (s, 3H, CH~3~); ^13^C NMR (100 MHz, CDCl~3~) δ 26.84 (CH~3~), 156.68 (C). A quantitative IR spectrum of CH~3~NC is presented in [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf).

2.2. Quantum Chemical Methods {#sec2.2}
-----------------------------

Geometry optimization and vibrational frequency analysis of stationary points on the potential energy surfaces (PES) of the OH, NO~3~, and O~3~ reactions with CH~3~NC were performed using the hybrid meta-GGA exchange-correlation M06-2X density functional.^[@ref11]^ Saddle points on the PESes of reactions were located by scanning the bonds formed/broken and subsequently validated in intrinsic reaction coordinate (IRC) calculations.^[@ref12]^

All M06-2X reported results were obtained with tight optimization criteria and ultrafine integration grids. Additional B3LYP,^[@ref13]−[@ref16]^ BHandHLYP (as implemented in Gaussian),^[@ref17]^ B98,^[@ref18]^ and MP2^[@ref19]^ calculations were carried out for the O~3~ and NO~3~ reactions. Energies of the stationary points were improved by explicitly correlated coupled cluster calculations with scaled triples contributions, denoted CCSD(T\*)-F12a.^[@ref20],[@ref21]^ Dunning's correlation-consistent aug-cc-pVTZ basis set^[@ref22],[@ref23]^ was employed in all calculations. Reaction enthalpies were calculated using the G4 composite method.^[@ref24]^ The M06-2X, B3LYP, BHandHLYP, B98, MP2, and G4 calculations were performed in Gaussian09,^[@ref17]^ and the coupled cluster calculations were performed in Molpro 2012.1.^[@ref25],[@ref26]^

2.3. Kinetics Calculations {#sec2.3}
--------------------------

Master equation calculations were carried out using the program MESMER 3.0^[@ref27]^ (Master Equation Solver for Multi-Energy-well Reactions) to simulate the kinetics of the OH radical reactions with CH~3~NC as well as some consecutive reactions as previously described in our study of the OH + HNC reaction.^[@ref8]^ Spin--orbit coupling in the OH radical (139.7 cm^--1^)^[@ref28]^ was included in the model by lowering the energy of the OH radical with half of the splitting and including the ^2^Π~3/2~ and ^2^Π~1/2~ spin--orbit states in the electronic partition function. It was assumed that spin--orbit coupling could be neglected in prereaction adducts and in the saddle points.

Lennard-Jones parameters for the CH~3~NC--OH system were approximated with values for CH~3~CN (ε/*k*~B~ = 380 K, σ = 4.47 Å),^[@ref29]^ and the energy transfer in collisions with N~2~ and O~2~, \<Δ*E*~down~\>, was set to 250 cm^--1^.

3. Results and Discussion {#sec3}
=========================

3.1. Experimental {#sec3.1}
-----------------

Methyl isocyanide was introduced to the smog chamber in a stream of clean air. [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information shows that the obtained IR spectrum conforms with the literature, and that there are no indications of the isomer, acetonitrile, as impurity.^[@ref30]^ Upon gas-phase protonation in the PTR instrument, only minor fragmentation takes place, and correlated ion signals were observed by PTR-ToF-MS at *m*/*z* 15.024 (CH~3~^+^) and 42.034 (C~2~H~4~N^+^). Quantification of methyl isocyanide in the chamber was not pursued.

### 3.1.1. Kinetics of the CH~3~NC + OH Reaction {#sec3.1.1}

Relative rate experiments were carried out employing furan, limonene, and α-pinene as the reference compounds and IPN as OH radical precursor. The experiments were monitored by PTR-ToF-MS, and typical mixing ratios in clean air were below 200 ppbV for the reactants and 1 ppmV for IPN. No additional NOx was added to the chamber.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} illustrates the ion counts registered during a relative rate experiment using α-pinene as the reference compound; the other experiments proceeded in much the same way. The time span selected for kinetic analysis stretches ∼30 min, and the average OH concentration during this period is ∼8.6 × 10^6^ cm^--3^.

![Decays of methyl isocyanide (*m*/*z* 42.034) and α-pinene (*m*/*z* 137.131) in the presence of OH radicals, and growth of methyl isocyanate (*m*/*z* 58.029) plotted as a function of time. The light gray shaded area indicates photolysis lamps being active; the dark gray shaded area indicates the time span of data employed in the kinetic analysis.](jp0c05127_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} summarizes the data from the relative rate experiments that were analyzed according to equation I allowing a nonzero offset using a weighted least-squares procedure that includes uncertainties in both reactant concentrations.^[@ref31]^ The estimated uncertainties in the relative concentrations were taken as 1%. The analyses showed negligibly small intercepts and *k*~OH+furan~/*k*~OH+CH~3~NC~ = 2.145 ± 0.025, *k*~OH+limonene~/*k*~OH+CH~3~NC~ = 0.494 ± 0.009, and *k*~OH+α-pinene~/*k*~OH+CH~3~NC~ = 1.369 ± 0.010 (2σ errors from the statistical analyses). Taking today's recommended rate coefficients for the reference compounds at 298 K (*k*~OH+furan~ = 4.0 × 10^--11^ cm^3^ molecule^--1^ s^--1^, Δ*l*og *k* = ± 0.33), limonene (*k*~OH+limonene~ = 1.65 × 10^--10^ cm^3^ molecule^--1^ s^--1^, Δ*l*og *k* = ± 0.12), and α-pinene (*k*~OH+α-pinene~ = 5.3 × 10^--11^ cm^3^ molecule^--1^ s^--1^, Δlog *k* = ± 0.20)^[@ref32]^ places the absolute rate for the CH~3~NC + OH reaction at respectively 8.6 ± 2.8, 8.2 ± 1.0 and (7.3 ± 1.5) × 10^--11^ cm^3^ molecule^--1^ s^--1^ at 298 K. The statistical errors in the experimental relative rates are an order of magnitude smaller than the uncertainty estimates of the absolute rate coefficients for the reference compounds, and can be ignored in the error propagation. The spread in the absolute results is within their uncertainty estimates, and we suggest the weighted average with 2σ error, *k*~OH+CH~3~NC~ = (7.9 ± 0.6) × 10^--11^ cm^3^ molecule^--1^ s^--1^ at 298 K, as our best estimate.

![Decays of methyl isocyanide, furan, limonene, and α-pinene in the presence of OH radicals plotted as ln{\[methyl isocyanide\]~0~/\[methyl isocyanide\]*~t~*} vs ln{\[furan\]~0~ /\[furan\]*~t~*}, ln{\[limonene\]~0~ /\[limonene\]*~t~*}, and ln{\[α-pinene\]~0~ /\[α-pinene\]*~t~*}, respectively. The curves have been shifted along the *y*-axis for the sake of clarity. Uncertainties represent 2σ from the statistical analyses.](jp0c05127_0002){#fig2}

A product study showed methyl isocyanate, CH~3~NCO (identified by the MS ion-signal of CH~3~NCOH^+^ at *m*/*z* 58.029), as the only product. No trace of the expected product resulting upon C--H abstraction---formyl isocyanide, CH(O)NC---was detected at *m*/*z* 56.014 in the experiments. The proton affinity of formyl isocyanide is computed in G4-calculations to be 778 kJ mol^--1^ compared with, respectively, 691, 769, and 838 for H~2~O, CH~3~NCO, and CH~3~NC, and with a calculated dipole moment of ∼2.3 D the instrument sensitivity toward formyl isocyanide is estimated to be ∼70% that of methyl isocyanide. Fragmentation of protonated formyl isocyanide resulting in HCN and HCO^+^, is calculated with a barrier of ∼30 kJ mol^--1^. Assuming equipartitioning of the proton transfer reaction enthalpy, this is just below internal energy of CHONCH^+^ in *statu nacendi*, and a significant fragmentation is therefore expected. Unfortunately, the ion signals for HCO^+^ and ^15^N^14^N^+^ cannot be resolved with the present instrumentation.

3.2. Computational {#sec3.2}
------------------

The M06-2X functional has been endorsed for the study of main-group thermochemistry and kinetics.^[@ref11]^ Of the molecular species included in the present study only the OH radical is included in the databases used for validating the M06-2X functional performance.

### 3.2.1. OH {#sec3.2.1}

The M06-2X results equate well with experiments. The OH distance of 0.972 Å is close to the experimental equilibrium value of 0.970.^[@ref33]^ The calculated dipole moment of 1.692 D compares with 1.721 ± 0.029,^[@ref34]^ and the fundamental mode is 5% higher than observed,^[@ref33]^ in which scaling by 0.956^[@ref35]^ causes a reduction to a 1% deviation.

### 3.2.2. NO~3~ {#sec3.2.2}

The NO~3~ radical remains a computational challenge. The electronic ground state has *D*~3h~ symmetry (*X̃*^2^*A*~2~′).^[@ref36],[@ref37]^ HF calculations, however, locate three distinct minima: two *C*~2v~ structures having respectively 2 short and 1 long NO distance (2*s*1*l*), and 1 short and 2 long NO distances (1*s*2*l*), which are both lower in energy than the *D*~3h~ structure.^[@ref38]^ In contrast, MP2 calculations place the *D*~3h~ structure lower in energy than the two *C*~2v~ structures; even CCSD(T) cannot completely overcome the symmetry breaking of the reference function and still three solutions with slightly different energies are found.^[@ref38]^ Several frequently employed DFT methods, such as the B3LYP and B98 functionals, predict *D*~3h~ structures as global minima, whereas others, including M06-2X and BHandHLYP, also show symmetry breaking. The M06-2X hybrid functional locates the *D*~3h~ structure as a saddle point and the two *C*~2v~ structures as local energy minima.^[@ref39]^ BHandHLYP calculations also locate the *D*~3h~ structure as a saddle point and the (2*s*1*l*) *C*~2v~ structure as a minimum; the (1*s*2*l*) *C*~2v~ structure is found to be a saddle point. [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information summarizes the results obtained for the *D*~3h~ and the two *C*~2v~ structures. The vibrational fundamentals of the NO~3~ radical obtained in B3LYP and B98 calculations are summarized in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information.

The internally consistent M06-2X, BHandHLYP, MP2, G4 and CCSD(T\*)-F12a electronic energies of the NO~3~ radical were obtained by combining the theoretical results for the OH + HNO~3~ → H~2~O + NO~3~ reaction, the standard enthalpies of formation at 298.15 K from the NIST-JANAF Themochemical Tables for OH (38.99 ± 1.21 kJ mol^--1^), H~2~O (−241.826 ± 0.042 kJ mol^--1^), NO~3~ (71.13 ± 20.9 kJ mol^--1^), and HNO~3~(−134.31 ± 0.42 kJ mol^--1^)^[@ref40]^ and the experimental fundamental modes of vibration for NO~3~ (1050 a~1~′, 762.3 a~2~′′, 1492.4 e′, 360 e′ cm^--1^).^[@ref41]^ The results are summarized in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. Note the inherent uncertainty of ∼21 kJ mol^--1^ in the experimental Δ~*f*~*H*~gas~^0^ for the NO~3~ radical.^[@ref40]^

The experimental NO distance in the NO~3~ radical is 1.238 Å (*r*~0~-structure);^[@ref42]^ the B3LYP and B98 results agree quite well with experiment predicting values of 1.232 and 1.231 Å, respectively. The calculated fundamental modes of vibration are, however, in less impressive agreement with experiment. In particular, the degenerate NO stretching and ONO bending modes are disturbingly lower than observed by respectively 400 and 150--200 cm^--1^ (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf)). Replacing the calculated fundamentals by the observed ones amounts to increases in the zero-point energies (ZPE) by +5.7 (B3LYP) and +7.4 (B98) kJ mol^--1^.

### 3.2.3. O~3~ {#sec3.2.3}

Ozone is the textbook example of a molecule where multireference methods are needed to describe the electronic structure at a level that allows prediction of its physical properties akin to the experiments. The experimental structure, dipole moment, and vibrational fundamentals of ozone are extremely precisely determined (*r*~e~ = 1.27276 ± 0.00015 Å; α~e~ = 116.7542 ± 0.0025°),^[@ref43]^ μ = 0.533747 ± 0.000005 D,^[@ref44]^ and (ν~1~ = 1103.13728 ± 0.00023, ν~2~ = 700.931074 ± 0.000021, ν~3~ = 1042.08398 ± 0.00023 cm^--1^).^[@ref45],[@ref46]^ For comparison, MP2(Frozen Core) calculations result in OO distances that are slightly longer than the experimental value, but in an antisymmetric OO vibrational mode that is 1200 cm^--1^ higher than observed, and a dipole moment of 0.78 D. Coupled cluster methods are less sensitive to the HF wave function quality and show quite good agreement with experiment.^[@ref47]^ In general, the DFTs perform somewhat better. The M06-2X calculations, however, give *r* = 1.2316 Å, α = 118.31, μ = 0.7271 D, ν~1~ = 1364.9, ν~2~ = 791.5, and ν~3~ = 1357.1 cm^--1^, which can be characterized as distressingly off. Other commonly used DFTs such as B3LYP, BHandHLYP, and B98 give OO distances that are too short by 0.051 Å (BHandHLYP), 0.022 Å (B98), and 0.018 Å (B3LYP) and two OO stretching vibrations correspondingly calculated higher than observed by \>200 cm^--1^ (BHandHLYP) and \>100 cm^--1^ (B3LYP and B98). The DFT-methods mentioned also give similar incorrect dipole moments.

The DFT and MP2 shortcomings in describing the ozone electronic structure are exposed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, summarizing the CCSD(T\*)-F12a electronic energies of the DTF and MP2 equilibrium structures relative to that obtained from the experimental equilibrium structure. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} further contains the differences in the calculated and experimental ZPE based on the vibrational fundamentals. It can be seen that the bias introduced by blindfolded use of results from MP2 the DFTs amounts from +3.7 (B3LYP) to +16.7 (BHandHLYP) kJ mol^--1^.

###### Relative Electronic Energies (Δ*E*~elec~) and Zero-Point Energies (Δ*E*~ZPE~) in kJ mol^--1^ for O~3~ with Reference to the Experimental Equilibrium Structure and the Experimental Fundamentals. Results from CCSD(T\*)-F12a and QCM[a](#t1fn1){ref-type="table-fn"} Calculations Employing the aug-cc-pVTZ Basis Set

  QCM         Δ*E*~elec~   Δ*E*~ZPE~
  ----------- ------------ -----------
  M06-2X      +7.8         +4.0
  B3LYP       +1.7         +2.0
  BHandHLYP   +12.4        +4.3
  B98         +2.3         +2.6
  MP2(FC)     +1.7         +7.8

QMC, Quantum Chemistry Method.

### 3.2.4. CH~3~NC {#sec3.2.4}

The CH~3~NC structure obtained in M06-2X calculations agree well with the experimental equilibrium data (given in parentheses):^[@ref48]^*r*~C--H~ = 1.087 Å (1.086), *r*~C--N~ = 1.420 (1.422), *r*~N≡C~ = 1.162 (1.169), and α~N--C--H~ = 109.55° (109.47°). The calculated dipole moment, 3.85 D, is also in good agreement with the experimental value, 3.83 ± 0.06 D, from microwave spectroscopy.^[@ref49]^ The calculated structure and charge distribution are in harmony with the depiction: H~3~C---^+^N≡C^--^.

Concerning the vibrational fundamentals, the calculated harmonic wavenumbers on the average fall 5% higher than the observations (13% for the CNC linear bending mode),^[@ref50]^ see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. Scaling by 0.956^[@ref35]^ brings the average deviation down to 2% (+7% for the CNC linear bending mode).

### 3.2.5. CH~3~NC + OH {#sec3.2.5}

The reaction of CH~3~NC with OH radicals can be initiated in two ways---either by C--H abstraction or by electrophilic addition to the π-system:The reaction proceeds via prereaction complexes followed by inner, tight transition states. The structures of the prereaction complexes, PRE~4a~ and PRE~4b~, are illustrated in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf). The OH radical is linearly H-bonded (CH~3~NC···HO) in PRE~4a~; in PRE~4b~ the OH radical is rotated toward the CH~3~-group and parallel the π-system. The barriers to [reactions [4a](#eq4a){ref-type="disp-formula"}](#eq4a){ref-type="disp-formula"} and [4b](#eq4b){ref-type="disp-formula"} are calculated to be −7.8 and +12.8 kJ/mol, respectively, indicating that the C--H abstraction route is of minor importance at tropospheric conditions, see below. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the stationary points on the potential energy surfaces (PES) of the two reaction routes as resulting in CCSD(T\*)-F12a/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ calculations. Energies, the T~1~^[@ref51]^ and D~1~^[@ref52],[@ref53]^ diagnostics values, Cartesian coordinates, and vibration--rotation data are summarized in [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf).

![Stationary points on the potential energy surface of the CH~3~NC + OH reaction. Results from CCSD(T\*)-F12a/aug-cc-pVTZ//M02--2X/aug-cc-pVTZ calculations.](jp0c05127_0003){#fig3}

The CH~3~NĊOH radical, which is formed with a considerable amount of internal energy, may eject a hydrogen atom directly in analogy to the route found for the HNC + OH reaction:^[@ref8]^Other possible fates of the CH~3~NĊOH radical include reaction with O~2~, either in a direct hydrogen abstraction or via the formation of an intermediate peroxy-radical:

The PES for O~2~ approaching CH~3~NĊOH apparently targets peroxy-radical formation, and we were unsuccessful in pinpointing a direct H-abstraction route. The M06-2X/aug-cc-pVTZ calculations locate a saddle point (SP~6b~) with a small barrier of +3.2 kJ mol^--1^ to [reaction [6b](#eq6b){ref-type="disp-formula"}](#eq6b){ref-type="disp-formula"}. This is likely an artifact of the functional as the high correlation calculations place the energy of this structure below the entrance energy of the reactants. The T~1~ and D~1~ diagnostic values for the single point CCSD(T) calculation are worryingly large, and the results for SP~6b~ should be considered with some reservation (for the sake of completeness, the "saddle point" is included in the documentation). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the energies of the stationary points on the PES of the CH~3~NĊOH + O~2~ reaction. The underlying quantum chemistry data are collected in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information.

![Stationary points on the potential energy surface of the CH~3~NCOH + O~2~ reaction. Results from CCSD(T)-F12a/aug-cc-pVTZ//M02--2X/aug-cc-pVTZ calculations.](jp0c05127_0004){#fig4}

It is obvious that CH~3~NĊOH radicals will react fast with O~2~ forming an activated intermediate peroxy-radical CH~3~NC(OȮ)OH^‡^, which may then undergo unimolecular rearrangement followed by loss of HO~2~ to form CH~3~NCO. The lifetime of CH~3~NC(OȮ)OH was investigated in a master equation model based on the PES illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The lifetime was calculated to be \<10^--6^ s at atmospheric conditions, which is too short for any competing bimolecular reaction with species such as NO or other ROȮ radicals.

The ĊH~2~NC radical, formed in [reaction [4b](#eq4b){ref-type="disp-formula"}](#eq4b){ref-type="disp-formula"}, is expected to follow the reaction routes established for alkyl radicals. That is, the major product will be formyl isocyanide:

In summary: the quantum chemistry calculations show that CH~3~NC will react fast with OH radicals and that CH~3~NCO is the dominant product in the reaction at atmospheric conditions.

#### 3.2.5.1. Calculation of *k*~CH~3~NC+OH~ {#sec3.2.5.1}

Rate coefficients for the reaction of CH~3~NC with OH radicals were calculated using a master equation model based on the PES illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The internal rotations of the CH~3~-group in the saddle point to CH~3~NĊOH formation (SP~4a~), in CH~3~NĊOH, in the H-ejection saddle point (SP~5~), and in CH~3~NCO were treated explicitly employing the rotational potentials obtained in M06-2X/aug-cc-pVTZ calculations. Also, the internal rotations of the OH-group in SP~4a~ and in CH~3~NĊOH were treated this way. [Figures S4--S9](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information show the calculated rotational potentials.

The long-range transition state theory method (LRTST)^[@ref54]^ was used to estimate the capture rate coefficient for formation of the prereaction complex: *k*~capture~(T) = 7.2 × 10^--10^(T/298) ^--1/6^ cm^3^ molecule^--1^ s^--1^. [Reaction [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} was treated as an irreversible sink, and [reactions [6](#eq6a){ref-type="disp-formula"}](#eq6a){ref-type="disp-formula"}--[7](#eq7){ref-type="disp-formula"} were included as a simple bimolecular loss term with *k*~O~2~~ = 10^--12^ cm^3^ molecule^--1^ s^--1^. Tunneling was included for [reactions [4a](#eq4a){ref-type="disp-formula"}](#eq4a){ref-type="disp-formula"}, [4b](#eq4b){ref-type="disp-formula"} and [5](#eq5){ref-type="disp-formula"} using a one-dimensional asymmetric Eckart potential.^[@ref55]^

The model predicts a negative temperature dependence of the reaction with *k*~abstraction~ = 4.3 × 10^--14^ cm^3^ molecule^--1^ s^--1^ being 3 orders of magnitude slower than *k*~addition~ = 4.2 × 10^--11^ cm^3^ molecule^--1^ s^--1^ at 1 bar and 298 K, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. There is a small pressure dependence amounting to around 5% at 298 K in going from 1000 to 10 mbar. The rate coefficients can be parametrized reasonably well by the Arrhenius equation and accurately by the modified Arrhenius equation in the range 200--400 K, see [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. The branching between direct H-ejection from CH~3~NĊOH and H-abstraction by O~2~ varies with temperature and pressure and is around 30:70 at atmospheric conditions.

A sensitivity analysis shows the energy of the saddle point SP~4a~ to be the most important model parameter. A change in Δ*E*~v=0~ by ±2 kJ mol^--1^ results in changes of respectively −45 and +62% in *k*~CH~3~NC+OH~. Changes in the relative energy of PRE~4a~ by ±2 kJ mol^--1^ results in \<1% change in *k*~CH~3~NC+OH~; the relative energies of the other stationary points on the PES have very little impact.

The effect of introducing scaled vibrational wavenumbers, without a simultaneous change in the zero-point energies, amounts to a 5% increase in *k*~CH~3~NC+OH~. Introducing the consistently scaled zero-point energies in the PES in addition to the wavenumber scaling increases *k*~CH~3~NC+OH~ by 14%.

The model results are essentially insensitive to an order of magnitude variation in *k*~O2~. Further, a 25% variation in the Lennard-Jones parameters and ±50 cm^--1^ variation in the collisional energy transfer \<Δ*E*~down~\> resulted in changes of \<1% in *k*~CH~3~NC+OH~. The LRTST value for *k*~capture~ should be considered as an upper limit, and reducing *k*~capture~ by a factor of 2 resulted in a 9% reduction in *k*~CH~3~NC+OH~. Tunneling increases the calculated rate coefficients by 5%; the major contribution is from the initial OH addition [reaction [4a](#eq4a){ref-type="disp-formula"}](#eq4a){ref-type="disp-formula"}. Concerning the sensitivity to barrier heights to internal rotation, a ±50% change in barrier height to the internal rotation of OH in SP~4a~ changes the calculated rate coefficient by respectively −12 and +31%. The results are less sensitive to the rotational barrier of the CH~3~-group in SP~4a~, for which an order of magnitude variation results in a 6% change in *k*~CH~3~NC+OH~. The sensitivity to the other barrier heights is negligible---an order of magnitude variation in the barriers to internal rotation of the CH~3~-groups in CH~3~NĊOH, SP~5~, and in CH~3~NCO changes the model results by less than 1%. Similar variation in the OH rotation potential in CH~3~NĊOH results in changes \<2%.

In summary, the calculated rate coefficients are essentially determined by the height of the inner, tight transition state associated with saddle-point SP4a. Lowering the calculated barrier height by 2.65 kJ mol^--1^ aligns the computed rate coefficients to the experimental value at 298 K, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The rate coefficients can be parametrized reasonably well by the Arrhenius equation in the range of 200--400 K, *k*~CH~3~NC+OH~(T) = 1.63 × 10^--11^ × exp(463/T), and accurately by the modified Arrhenius equation, *k*~CH~3~NC+OH~(T) = 8.82 × 10^--11^ × (T/298)^−1.88^× exp(−32.8/T) cm^3^ molecule^--1^ s^--1^.

![Experimental and aligned theoretical rate coefficients for the reaction of OH radicals with CH~3~NC at 1013 bar. Blue curve: Calculated rate coefficients. Black dotted curve: Calculated rate coefficients fitted by the Arrhenius equation.](jp0c05127_0005){#fig5}

### 3.2.6. CH~3~NC + NO~3~ {#sec3.2.6}

The CH~3~NC + NO~3~ reaction is found to proceed either via electrophilic addition to the isocyanide group resulting in methyl isocyanate or via H-abstraction:The quantum chemistry data for the reaction are collected in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. The calculations predict a barrier to [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"} ranging from ∼20 kJ mol^--1^ (B3LYP and B98) to ∼35 kJ mol^--1^ (CCSD(T\*)-F12a//MP2). Notably, all five theoretical methods predict a much higher barrier to [reaction [11b](#eq11b){ref-type="disp-formula"}](#eq11b){ref-type="disp-formula"} than to [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"}; the difference in barrier heights, obtained in the CCSD(T\*)-F12a single point calculations, is around 30 kJ mol^--1^ for all methods employed.

Any electronic barrier to an NO~3~ radical reaction with a compound will arise on a path between the reactant and a *C*~2v~-like NO~3~ radical structure (2*s*1*l*) on the entrance side and the product(s) on the exit side. This part of the PES can be characterized reasonably well by the methods employed, and it can therefore definitely be concluded that the H-abstraction reaction will not be relevant at atmospheric conditions.

The first part of the PES, connecting the electronic ground state of the NO~3~ radical to the *C*~2v~-like structure of the NO~3~ radical in the activated reaction complex, cannot be described with the same degree of confidence. The M06-2X, BHandHLYP, MP2, and CCSD(T\*)-F12a energies are all biased by a possible error in the experimental Δ~*f*~*H*~gas~^0^ for the NO~3~ radical; the B3LYP and B98 energies cannot be improved by high-correlation single-point calculations without introducing the same bias as imposed on the other methods. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} illustrates the energies of stationary points of the PES obtained in the five models for [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"}. The B3LYP and B98 ZPE values for the NO~3~ radical in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) have, respectively, been corrected by +5.7 and +7.4 kJ mol^--1^, see [section [3.2.2](#sec3.2.2){ref-type="other"}](#sec3.2.2){ref-type="other"}.

![Stationary points on the potential energy surface of the CH~3~NC + NO~3~ reaction. Results from calculations employing the aug-cc-pVTZ basis set. The gray shaded box, centered around the CCSD(T\*)-F12q//M06-2X energy of the reactants, illustrates the inherent uncertainty in the electronic energy of the NO~3~ radical obtained in M06-2X, BHandHLYP, and MP2 calculations.](jp0c05127_0009){#fig6}

The lowest barrier to [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"} is obtained with the B98 and B3LYP functionals. RRKM calculations, based on these results, give rate coefficients around respectively 7 × 10^--18^ and 3 × 10^--17^ cm^3^ molecules^--1^ s^--1^ at 298 K. Replacing the incorrectly calculated vibrational fundamentals of the NO~3~ radical by the experimental values (and correcting the corresponding ZPE's) increases the calculated rate coefficients to respectively 2.5 × 10^--16^ and 4.6 × 10^--16^ cm^3^ molecules^--1^ s^--1^.

### 3.2.7. CH~3~NC + O~3~ {#sec3.2.7}

The reaction proceeds in accordance with the electronic structure by addition to the C atom of the isocyanide group resulting in methyl isocyanate:The M06-2X calculations indicate a single, relatively high barrier of around 50 kJ mol^--1^ to [reaction [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"}, and the reaction should accordingly be very slow at atmospheric conditions.

The saddle point structure to [reaction [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} warrants a multireference approach---the T~1~ and D~1~ diagnostic values for the CCSD(T) calculation are troublingly large. This is, however, outside the scope of the present study. The relative energies of the stationary points on the PES obtained in M06-2X, B3LYP, BHandHLYP, B98, and MP2 calculations on [reaction [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} are compared in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf) in the Supporting Information. The barriers obtained in the five models span from 20 to 80 kJ mol^--1^. However, for the present purpose the CCSD(T\*)-F12a/aug-cc-pVTZ single point energies are essentially independent of the structure optimization method suggesting a barrier to reaction in the range 50--60 kJ mol^--1^. A master equation calculation, based on the CCSD(T\*)-F12a//M06-2X results, gives a rate coefficient around 5 × 10^--25^ cm^3^ molecules^--1^ s^--1^. Replacing the incorrectly calculated O~3~ properties by the experimental equilibrium values (see [section [3.2.3](#sec3.2.3){ref-type="other"}](#sec3.2.3){ref-type="other"}) in the master equation-model results in a lowering of the rate coefficient to 8 × 10^--26^ cm^3^ molecules^--1^ s^--1^.

4. Conclusions {#sec4}
==============

Methyl isocyanide is shown in experiments and by quantum chemistry methods to react rapidly in the gas phase with OH radicals and slowly with NO~3~ radicals and O~3~; in all cases, CH~3~NCO is the sole product observed/predicted. The quantum chemistry calculations show that the CH~3~NC + OH reaction proceeds via a submerged barrier with computed rate coefficient of 4.2 × 10^--11^ cm^3^ molecule^--1^ s^--1^ at 298 K and 1013 hPa. The quantum chemistry calculations also imply that the CH~3~NC + NO~3~ and CH~3~NC + O~3~ reactions are slow with rate coefficients of less than 5 × 10^--16^ and 10^--25^ cm^3^ molecules^--1^ s^--1^ at 298 K, respectively.

The NO~3~ radical concentrations are low during daylight hours, but can become elevated at night, and a 12-h night-time average concentration of ≈5 × 10^8^ cm^--3^ have been proposed.^[@ref56],[@ref57]^ For a [diurnal]{.ul} average NO~3~ level of 5 × 10^8^ molecules cm^--3^, a compound will have a lifetime of 1 day with respect to reaction with NO~3~ if the corresponding rate coefficient is around 2.3 × 10^--14^ cm^3^ molecules^--1^ s^--1^. For CH~3~NC, this would require the barrier to [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"} to be around 60% (10 kJ mol^--1^) lower than obtained in the ZPE-corrected B3LYP and B98 calculations. Further, to align the B3LYP and B98 results with the CCSD(T)-F12a//QCM results (QCM = M06-2X, BHandHLYP, and MP2) will require Δ~*f*~*H*~gas~^0^ for the NO~3~ radical to be more than 20 kJ mol^--1^ larger than the experimental value of 71.13 ± 20.9 kJ mol^--1^ at 298 K.^[@ref40]^ We consider this highly improbable and conclude that the CH~3~NC + NO~3~ reaction is too slow to be of importance under atmospheric conditions.

The empirical linear free energy relationship between rate coefficients for electrophilic OH and NO~3~ radical addition reactions, log(*k*~NO~3~~) = (21.6 ± 2) + (3.32 ± 0.2) × log(*k*~OH~),^[@ref56]^ predicts *k*~NO~3~+CH~3~NC~ to be very fast, ∼1.1 × 10^--12^ cm^3^ molecule^--1^ s^--1^. Such a fast NO~3~ reaction can only be realized if the barrier to [reaction [11a](#eq11a){ref-type="disp-formula"}](#eq11a){ref-type="disp-formula"} is below the entrance energy of the reactants, which is completely incompatible with all the quantum chemistry results.

Assuming an average atmospheric ozone level of 10^[@ref12]^ molecules cm^--3^ (∼40 ppbV) a compound will have a lifetime of 1 day with respect to reaction with ozone if the corresponding rate coefficient is around 10^--17^ cm^3^ molecules^--1^ s^--1^. For CH~3~NC, this would require the barrier to [reaction [12](#eq12){ref-type="disp-formula"}](#eq12){ref-type="disp-formula"} to be around 14.5 kJ mol^--1^, and not around 60 kJ mol^--1^ as suggested in all our calculations. We consider an inaccuracy of such a magnitude as improbable and conclude that CH~3~NC + O~3~ reaction is too slow to be of importance under atmospheric conditions.

With an experimental room temperature rate coefficient for the CH~3~NC + OH reaction of 7.9 × 10^--11^ cm^3^ molecule^--1^ s^--1^, the atmospheric lifetime of CH~3~NC will around 4 h for photochemical oxidation. The competing hydrolysis in/on acidic aqueous particles will therefore not be efficient enough to compete in general. The major product in atmospheric CH~3~NC photo-oxidation is CH~3~NCO, which, in contrast, has a long atmospheric lifetime of around 6 months.^[@ref58],[@ref59]^

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpca.0c05127](https://pubs.acs.org/doi/10.1021/acs.jpca.0c05127?goto=supporting-info).^1^H NMR of CH~3~NC (Figure S1); ^13^C NMR of CH~3~NC (Figure S2); Infrared spectra of CH~3~NC and CH~3~CN (Figure S3); Potential to internal rotation of the CH~3~-group in SP~4a~ (Figure S4); Potential to internal rotation of the OH moiety in SP~4a~ (Figure S5); Potential to internal rotation of the CH~3~-group in CH~3~NĊOH (Figure S6); Potentials to internal rotation of the OH moiety in CH~3~NĊOH (Figure S7); Potential to internal rotation of the CH~3~-group in SP~5~ (Figure S7); Potential to internal rotation of the CH~3~-group in CH~3~NCO (Figure S8); Potential to internal rotation of the CH~3~-group in CH~3~NCO (Figure S9); Calculated *k*~CH3NC+OH~(T) at 1000, 100, and 10 mbar (Figure S10); Calculated *k*~CH3NC+OH~(T) and parametrization (Figure S11); Electronic energies and relative electronic energies for the NO~3~ radical (Table S1), Fundamental modes of vibration in NO~3~ (Table S2); Internally consistent energies of the NO~3~ radical; HNO~3~, H~2~O and OH (Table S3); Quantum chemistry results for CH~3~NC + OH (Table S4); Quantum chemistry results for CH~3~NĊOH + O~2~ (Table S5); Quantum chemistry results for CH~3~NC + NO~3~ (Table S6); Quantum chemistry results for CH~3~NC + O~3~ (Table S7) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.0c05127/suppl_file/jp0c05127_si_001.pdf))
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